Abstract We discuss the crossing sea state and the probability of rogue waves during the accident of the tanker Prestige on 13 November 2002. We present newly computed hindcast spectra for every hour during that day at nearby locations, showing the development of a bimodal sea state with two wave systems crossing at nearly right angle. We employ four different nonlinear models capable of computing the phaseresolved sea surface from the hindcast spectra, allowing us to estimate statistics for the occurrence of rogue waves. At the location and moment of the accident, the models give expected values for the kurtosis j 5 3.0119 6 0.0078. The models coincide that the maximum crest elevation was about 5-6% larger than the expected maximum crest elevation in a Gaussian sea at the moment of the accident. We also conclude that the possible nonlinear interaction between the two crossing wave systems practically did not modify neither the kurtosis nor the largest crest elevation.
Introduction
At 14:10 UTC (15:10 local time) on 13 November 2002, the oil tanker Prestige suffered damage on the starboard side of its hull while sailing southbound in the Traffic Separation Scheme off Cape Finisterre, Spain, at position 42854 0 N 9855 0 W. At 14:15 UTC (15:15 local time), assistance was requested to evacuate crew after the ship had developed a list to starboard. Several official reports have been written about the incident, e.g., by the Bahamas Maritime Authority [2004] , by the Spanish Ministerio de Fomento [2003] , and by the French Bureau Enquêtes Accidents/mer [2003] . When we refer to the Prestige ''accident,'' we limit attention to the moment of the initial damage and do not consider subsequent events.
The purpose of this paper is to discuss the sea state at the site and time of the accident, with a view to assess the statistics for the occurrence of abnormal waves, also called freak or rogue waves, through a proper use of hindcast models combined with nonlinear phase-resolving wave propagation models. We do not speculate on the cause of the accident nor on the actual occurrence of rogue waves. to reconstruct the wave conditions experienced by Prestige, we have generated new hindcast data at four locations around the site of the accident, labeled NW, NE, SW, and SE. We have also generated hindcast data near the Cabo Silleiro buoy for validation.
The Prestige accident did occur in a bimodal sea state with wind waves coming from southwest and swell coming from northwest, the two wave systems crossing at nearly right angle. This crossing sea state has been discussed by the above mentioned official reports, by Lefèvre and Toffoli [2009] , and is further discussed below with new hindcast simulations in section 2. Bimodal sea states are believed to be dangerous for navigation. Toffoli et al. [2005] analyzed a large number of collisions of ships with large waves and found that accidents often occur in bimodal seas with wind waves and swell. Indeed, the stretch of coastline northeast of Cape Finisterre is known as ''Costa da Morte'' (Coast of Death) in recognition of the great number of shipwrecks.
The Prestige accident has provoked speculation that the ship could have been hit by a freak wave [e.g., Kharif et al., 2009] . In particular, there has been speculation on the possible relationship between the crossing sea condition and the probability of freak waves during the accident [see e.g., Lechuga, 2006 Lechuga, , 2008 .
Freak or rogue waves are defined as waves that are exceptionally large in comparison with the surrounding waves in a wave record. Two frequently quoted criteria for freak waves can be found in Dysthe et al. [2008] , namely that H > 2H s or g c > 1.25H s within a 20 min wave record. Here H is the crest-to-trough wave height, g c is the crest height, and H s is the significant wave height. H s was traditionally defined as the mean of the one-third highest waves, but we shall employ the definition H s 5 4r where r is the standard deviation of the surface elevation g [Longuet-Higgins, 1952] .
Freak waves occur naturally in a linear Gaussian sea due to randomness of surface elevation [e.g., Goda, 2000; Ochi, 1998 ]. They have been measured in the laboratory [Onorato et al., 2004 [Onorato et al., , 2005 [Onorato et al., , 2006a and in the Figure 1 . Path of Prestige with hourly locations (orange circles), approximate location of the accident (red star), four locations used for hindcast simulations (NW, NE, SW, SE) near the accident (blue diamonds), locations of the buoys Cabo Silleiro and Villano Sisargas (green squares), and location for hindcast (CS) for validation with measurements from buoy Cabo Silleiro (blue diamond). The Prestige coordinates were obtained from the report of Bahamas Maritime Authority [2004] . The map was created with Google Maps.
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field [Haver and Andersen, 2000; Slunyaev, 2006; Magnusson and Donelan, 2013] . It is known that they can be provoked by nonlinear modulational or Benjamin-Feir instability [e.g., Dysthe and Trulsen, 1999; Osborne et al., 2000; Clamond and Grue, 2002; Dyachenko and Zakharov, 2005] , and that their probability increases with increasing nonlinearity and decreasing bandwidth [e.g., Janssen, 2003; Onorato et al., 2001 Onorato et al., , 2003 Onorato et al., , 2006a . It is also known that their probability of occurrence in a nonlinear wave field increases with decreasing directional spread [Onorato et al., 2002 [Onorato et al., , 2009a [Onorato et al., , 2009b Gramstad and Trulsen, 2007] . From these considerations, it should be anticipated that a broad-banded and short-crested sea like that encountered during the Prestige accident should yield a low probability of freak waves, more close to that of a Gaussian sea. Lechuga [2006 Lechuga [ , 2008 discussed the relevance of modulational instability as a mechanism for freak wave generation given the crossing sea state during the Prestige accident. He argued that since the two wave systems crossed at right angle, the perturbation caused by one of the systems was outside the region of modulational instability of the other system, and thus concluded that modulational instability and subsequent generation of freak waves was impossible. However, modulational instability of a monochromatic wave subject to a perturbing wave crossing at right angle was suggested already by Figures 1 and 12 of Phillips [1967] , and can be further anticipated from several others [e.g., Zakharov, 1968; McLean et al., 1981] .
A narrow-banded sea can also be modulationally unstable to a perturbing wave crossing at right angle as can be anticipated from Alber [1978] and Crawford et al. [1980] .
Early works on the nonlinear dynamics of crossing waves include Benney and Newell [1967] who anticipated a description in terms of coupled equations for interacting carrier waves, Roskes [1976] and Hammack et al. [2005] who developed coupled nonlinear Schr€ odinger (CNLS) equations, and Bridges and Laine-Pearson [2005] who developed a general Hamiltonian framework for their description. The special case of counterpropagating waves and their stability has also been studied [Okamura, 1984 [Okamura, , 1996 Pierce and Knobloch, 1994; Pierce and Wayne, 1995] .
Recent works on crossing waves, with special attention to the occurrence of freak waves, fall mostly into two main categories: the effect of a swell interacting with a wind-sea, and the interaction between two identical wave systems sharing the same carrier frequency. We review these in the following although we claim that neither of these categories satisfactorily describe the sea state during the Prestige accident.
The fact that a wind sea and a weak swell at right angle can produce freak waves was shown by Regev et al. [2008] . Gramstad and Trulsen [2010] computed the modification of the probability of freak waves in a windsea perturbed by a weak swell oriented at various angles to the wind-sea. They found that the swell could enhance the occurrence of freak waves in the wind-sea slightly, but in the case of right angle between the swell and the wind-sea the increase was found to be minimal. The swell relevant for the Prestige accident was neither infinitesimal nor monochromatic nor sufficiently different in wave period from the wind-sea, thus this type of consideration does not shed much light on the reasons for the Prestige accident.
A different path from swell and windsea interaction to freak wave generation was suggested by Tamura et al. [2009] who speculated that the nonlinear coupling between swell and windsea could generate a narrow spectrum. Some ship accidents indeed seem to have occurred in conditions of narrowing wave spectra Waseda et al., 2012 Waseda et al., , 2014 .
The interaction between two wave systems with the same characteristic period and with propagation directions differing by an arbitrary finite angle has been considered by many recently. Onorato et al.
[2006b] and Shukla et al. [2006a] studied the modulational instability of a crossing wave system in the special limit of perturbations only developing in the mean propagation direction. Shukla et al. [2006b] and Laine-Pearson [2010] extended the analysis of modulational instability to more general perturbations. Numerical integration of the CNLS equations [Shukla et al., 2006b; Gr€ onlund et al., 2009 ] demonstrated the occurrence of freak waves for such wave systems. Onorato et al. [2010] explored how the maximum of kurtosis for a crossing wave system depended on the angle of separation. Toffoli et al. [2011] showed good agreement between experiments and numerical simulations using the Higher Order Spectral Method (HOSM), while further simulations were shown in Bitner-Gregersen and showing that in crossing seas extreme waves can occur not only for narrow-banded directional spreading but also when it is broader. It was found that a maximum of kurtosis occurs for angles between 408 and 608. Cavaleri et al. [2012] speculated that this instability mechanism could be relevant to explain the accident of the cruise ship Louis Majesty on 3 March 2010. Dysthe [1979] , including exact linear dispersion as in Trulsen et al. [2000] , and accounting for an arbitrary difference in wave periods between the two interacting wave systems. The CMNLS equations are reviewed in section 4, where we also review the HOSM.
In section 5, we present hourly extreme wave statistics throughout the day of the Prestige accident. We have obtained the extreme wave statistics by using the hindcast simulations as initial conditions for MonteCarlo simulations employing both HOSM, CMNLS, and uncoupled MNLS equations. A similar approach was reported by Bitner-Gregersen et al. [2014] for analysis of a unimodal wave field during the Andrea storm in the North Sea. We present the skewness and the kurtosis of the surface elevation. We also present the statistics of the highest crest according to the Gaussian-Piterbarg and Tayfun-Piterbarg theories.
Hindcast Simulations
In this work, two different wind forcing models, ALADIN (a regional atmospheric model) and ARPEGE (a global atmospheric model), have been used in the wave model MFWAM. The wave model provides directional hindcasts and integrated wave parameters (e.g., significant wave height and wave period). The wave model MFWAM is based on the ECWAM code [ECMWF, 2006] , with two major changes in the source terms related to the dissipation due to wave breaking and the wave generation by wind. The dissipation term uses the new physics of the threshold mechanism from the saturation of the wave spectrum developed by Ardhuin et al. [2010] . This term takes into account a better adjustment of the mean direction and the angular spreading of the waves. The second change is the additional term in the wind input which includes a damping of the swell by the air friction at the sea surface. This term depends upon the flow regime, i.e., whether it is turbulent or laminar. The version of the model MFWAM used in this study corresponds to number 441 in the paper by Ardhuin et al. [2010] .
For the Prestige accident, two runs of the wave model MFWAM with different hourly wind forcing have been performed. The first run uses the wind forcing from the French global atmospheric model ARPEGE [Courtier et al., 1991] with a stretched grid of a resolution of 0.258 in the area of 308N-708N and 608W-08E. The model ARPEGE uses a 4-DVAR variational data assimilation system. However, the second run uses down-scaled forecasted winds from the regional atmospheric model ALADIN [Bubnov a et al., 1995] with a dynamical adaptation. The resolution of the grid on the same area is about 0.18. The regional model ALADIN is forced by the analysis of the global ARPEGE model. As the wave model is driven by the wind, it is consistent to use the same resolution between the wave model and the wind forcing, a finer wave model did not change significantly the estimate of mean wave parameters.
We have computed hindcast wave spectra at five different grid points shown in Table 1 and in Figure 1 . At the four grid points near the accident, we have computed hindcast wave spectra for every hour from 13 November 00:00 UTC to 14 November 00:00 UTC, inclusive. At any given hour, these hindcasts are quite similar, therefore in this paper we mostly limit consideration to the grid point NW which is closest to the trajectory of the ship just prior to and during the accident.
The grid point CS close to the buoy Cabo Silleiro is used for validation. For this grid point, we have computed hindcast data every hour from 12 November 00:00 UTC to 14 November 00:00 UTC, inclusive. In Figure 2 we compare the significant wave height H s and wave period T m02 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi m 0 =m 2 p of the model and the buoy (see description in section 3). The statistics over 2 days show that significant wave heights are better forecasted by MFWAM with ARPEGE forcing. The normalized standard deviation is 9.3%, instead of 11.3% for the ALADIN forcing. The bias is also better when using the ARPEGE forcing, 20.39 m instead of 20.63 m for the ALADIN forcing. The significant wave height H s is underestimated by the model. The normalized standard deviation (scatter index) of wave period T m02 is small, 5.5% and 6.4% for ALADIN and ARPEGE forcing, respectively. The ALADIN forcing gives better bias of the period T m02 , 0.21 s instead of 0.33 s for ARPEGE.
The hindcasts provide directional frequency spectra E(f,h) with a resolution of 30 frequencies and 24 directions. The hindcast spectra from the NW location with 12 h intervals are shown in Figure 3 . The hindcast spectra at the 3 h closest to the accident are shown in Figure 4 .
The hindcast spectra reveal that the sea state during this day was characterized by an initial system of swell with dominant periods in the range 13-16 s, and a growing system of wind-waves with dominant periods in the range 7-11 s. The swell system propagated in the southeast (SE) direction, while the wind waves propagated initially in a northeast (NE) direction, but later shifted more toward east (E). It is clear from the spectra in Figure 3 that ARPEGE predicts a stronger wind-wave system than ALADIN, this is also clearly seen from the analysis in the subsequent section 3. We have therefore employed input from the ARPEGE model for the initialization of phase resolved numerical simulations in section 4.
We warn that comparing the right part of Figure 4 of Lefèvre and Toffoli [2009] with the present hindcasts, significant difference can be seen for the configuration of the wave situation at the time of the accident. In the previous paper, there seems to be mostly wind waves going NE with a smaller amount of swell going SE, however, ARPEGE now predicts rather equal amounts of wind waves going NE and swell going SE, while ALADIN now predicts mostly swell going SE. The differences between the old and the new results are explained by the new hindcasts being prepared with the improved physics of the wave model MFWAM which is expected to perform better dissipation by white-capping than the wave model WAM cycle 4 which was used in the paper by Lefèvre and Toffoli [2009] . It is well known that the dissipation term used in the WAM cycle 4 [WAMDI group, 1988; G€ unther et al., 1992] can induce too strong dissipation for the swell part of the wave spectrum. We note that the wave model MFWAM is among the best wave forecasting models according to the monthly intercomparison between wave models and buoy wave data developed by Jean Bidlot at ECMWF in the framework of the wave forecasting verification project. The intercomparison is managed by the Joint Commission of Oceanography and Marine Meteorology (JCOMM/WMO).
We also warn against being confused by the upper part of Figure 5 of Lechuga [2006] , see also the left part of Figure 4 of Lefèvre and Toffoli [2009] , showing the wave situation several hours prior to the accident, when there was a strong swell going SE and a smaller amount of wind waves going NE. Our results suggest that the relevant configuration of waves during the accident in the afternoon was different from the configuration during the early morning. 
Partition of the Directional Spectrum
The outputs of MFWAM with wind forcing of the two models ALADIN and ARPEGE indicate that the bimodal sea was developing during the hours prior to the accident. The bimodal sea was composed of two individual wave systems, a swell and a wind sea. Both of the individual wave systems were generated from the evolution of the same storm, see Lefèvre and Toffoli [2009] .
In the following, we employ the decomposition of the directional frequency spectrum into a frequency spectrum and a directional distribution Eðf ; hÞ5Sðf ÞDðh; f Þ and the moments of the frequency spectrum 
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To split the contributions of the two individual wave systems, a partition of the directional frequency spectrum E(f,h) has been carried out. For each frequency, we split the directional spectrum at the direction of the local minimum of spectral intensity. The partition keeps the total energy as Eðf ; hÞ5 E ws1 ðf ; hÞ1E ws2 ðf ; hÞ, where subindex ws1 denotes wind sea and subindex ws2 denotes swell. The corresponding frequency spectrum S(f) is partitioned in the same way as Sðf Þ5S ws1 ðf Þ1S ws2 ðf Þ. From the partition algorithm, the significant wave height Hs of the bimodal wave system is H s 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
From the total spectrum, E(f,h) and S(f), and from the two partitioned spectra, E wsj ðf ; hÞ and S wsj ðf Þ with j 5 1, 2, we have computed integrated sea state parameters for the full wave system and for each partitioned wave system. The significant wave height H s 54 ffiffiffiffiffiffi m 0 p is shown in Figure 7 . The estimator of the mean period T m T m01 5m 0 =m 1 is shown in Figure 8 . The peak period T p is shown in Figure 9 . With a depth of more than 1000 m at the site of the accident, Figures 8 and 9 suggest that the accident happened in essentially infinitely deep water. The mean propagation direction h defined by Frigaard et al. [1997] hðf Þ5arg is shown in Figure 10 . The peak propagation direction h p is shown in Figure 11 .
It can be seen that when the accident took place, the values of H s and T m were comparable for the two individual wave systems while h differed for each of the two wave systems by 908 or more. Therefore, there were two individual wave systems with similar energy and periods hitting the oil tanker from different directions.
To assess the possibility that a freak wave could be produced by nonlinear effects, the wave steepness has been estimated for the total bimodal sea state, as well as for the individual wave systems. There are several ways of defining the effective steepness for a broadbanded wave system. We have employed a definition of steepness similar to that of Socquet-Juglard et al. To assess the possibility that a freak wave could be provoked by modulational instability, we have estimated the Benjamin-Feir Index BFI. The BFI was originally derived for a unimodal long-crested wave system [Onorato et al., 2001; Janssen, 2003] and is known to be a useful indicator for freak waves for essentially long-crested waves while it fails to be useful for short-crested waves [Onorato et al., 2002 [Onorato et al., ,2009a Gramstad and Trulsen, 2007] . Waseda et al. [2009] and Mori et al. [2011] suggested to modify the BFI to take into account the directional spread of a unimodal directional sea. For bimodal wave fields like those considered here, we believe that the two peaks and the corresponding spectral bandwidths of each peak should be taken into account separately, one set of parameters for each individual wave system. It is necessary to apply a partition scheme to the directional spectrum E(f,h) to split the spectral contributions of the individual wave systems.
We have used a definition of BFI like the one given by Janssen [2003] or by Onorato et al. [2004] , BFI5 p =D f where D f 5Df =f p and where Df is the half-width at half the peak value of the spectrum. Figure 14 shows the 
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temporal evolution of BFI for each model grid point and each numerical model. We find values for BFI much lower than 1, thus we anticipate that the evolution within each individual wave system should not be characterized by modulational instability [Janssen, 2003] .
The data from the Cabo Silleiro buoy does not include directional information, thus it is not possible to estimate the directional spectrum E(f,h) and we cannot proceed with any kind of spectral partitioning to estimate the spectra of each individual wave system. For this reason, we advise against any attempt to estimate BFI from the buoy data since such an exercise could be quite misleading as far as the occurrence of freak waves is concerned.
Numerical Simulations of Wave Statistics
The hindcast spectra, described in section 2, provide information about the significant wave height as well as the frequency and directional energy distribution of the wave field. Due to the lack of phase-information, one cannot obtain information about wave statistics, such as the probability of freak or extreme waves, Figure 9 . Time series of T p at the grid points NW, NE, SW, SE: ALADIN (solid), ARPEGE (dashed), total bimodal sea state (black), wind sea (blue), and swell (red). Data from Cabo Silleiro buoy (green).
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from the hindcast spectra directly. One may use the hindcast spectra in numerical simulations with phaseresolving models, from which one can obtain information about wave statistics.
In this work, we have performed numerical simulations with four different phase-resolving models. The first three models are varieties of the coupled modified nonlinear Schr€ odinger (CMNLS) evolution equation recently derived by Gramstad and Trulsen [2011] . This equation is valid for bimodal spectra with two well-separated and narrow-banded regions, and can be regarded as a coupled version of the Dysthe equation [Dysthe, 1979] .
The first model is the full CMNLS equation with second-order reconstruction of the wave field. The second model is the CMNLS evolution equation with only first-order reconstruction of the wave field, and is denoted ''CMNLS (FH).'' The third model is the CMNLS evolution equation without coupling terms between the two crossing wave fields and with second-order reconstruction, this corresponds to two simultaneous Dysthe equations that are not coupled, and is denoted MNLS2. The last numerical model is a direct simulation of the Euler equations for the surface of ideal fluid, based on the expansion of the Hamiltonian up to fourth order in nonlinearity including up to four-wave interactions [Pushkarev and Zakharov, 1996] . It was shown by Onorato et al. [2007] that this method is equivalent to the so-called Higher Order Spectral Method [West et al., 1987; Dommermuth and Yue, 1987] , and in the following we will refer to this method as HOSM. 
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Both the CMNLS and the HOSM should be valid for the relevant sea-state, which is characterized by two spectral peaks. In addition, these models are relatively efficient to solve numerically, allowing a large number of simulations from which one can extract information about wave statistics, including rare events such as freak waves. CMNLS is, however, significantly less computationally expensive than HOSM, requiring approximately 10-50% of the cpu time of HOSM. Details of the numerical implementation of these models are given below.
Numerical Setup and Details of the Numerical Models
The numerical simulations of the (C)MNLS and HOSM models are performed using the hindcast spectra as initial conditions. Since our numerical models are formulated as temporal evolutions of spatial wave fields, the hindcast frequency directional spectrum E(f,h) is first converted into a wave-vector spectrum using x52pf , the linear dispersion relation xðkÞ5 ffiffiffiffiffi gk p , and k5ðk x ; k y Þ5kðcos h; sin hÞ. 
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The phase-resolved simulations employ a dense rectangular grid with axes oriented east and north. In contrast, the hindcast spectra have a much coarser polar grid. We have therefore employed linear interpolation based on triangulation of the polar grid using TriScatteredInterp in Matlab.
The simulations are carried out for each of the hindcast spectra, every hour during 13 November 2002. For each initial spectrum, we have run 50 realizations with the initial phases being drawn from a uniform distribution on the interval ½0; 2pÞ. We have run the simulations up to 100 T m , and kept the results every 10 T m , thus we have stored data at 11 consecutive times. As can be deduced from Figure 8 , the simulations for 100 T m starting at 14:00 include the time of the accident. It is important to check that the simulations do not evolve much in time when we extract extreme wave statistics, this is because the hindcast spectra are supposed to represent stationary sea states within each hour. Indeed we have found that none of the simulations carried out evolve appreciably over the period of 100 T m , we are therefore confident that our phase-resolved simulations are consistent with the hindcast spectra. Therefore we have combined the 50 realizations at the 11 consecutive times so as to get data from 550 supposedly independent realizations. We remark that although Bitner-Gregersen et al.
[2014] referred to Toffoli et al. [2010] where it was claimed that 70 T m was enough to achieve stable results in this type of simulation, the fact that we achieve stable results much sooner is most likely due to our initial 
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conditions coming from realistic short-crested and broad-banded sea states well captured by the hindcast simulations.
Details on CMNLS Model
In the CMNLS model [Gramstad and Trulsen, 2011] , the leading order surface elevation is assumed to be of the form
where Ã denotes complex conjugate. Aðx; tÞ and Bðx; tÞ are the complex amplitudes of two narrow-banded wave systems with characteristic wavenumber vectors k a and k b and characteristic frequencies x a 5 ffiffiffiffiffiffiffiffiffiffi gjk a j p and x b 5 ffiffiffiffiffiffiffiffiffiffi gjk b j p , respectively. To higher-order, (5) is extended with bound wave contributions as well as higher-order corrections to the first harmonic complex amplitude [see Gramstad and Trulsen, 2011, for details] .
The evolution equations for A and B up to fourth order in wave steepness and spectral bandwidth were derived by Gramstad and Trulsen [2011] and have the form Figure 13 . Time series of steepness p computed for T p at the grid points NW, NE, SW, SE: ALADIN (solid), ARPEGE (dashed), total bimodal sea state (black), wind sea (blue), and swell (red).
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and correspondingly for / b . Here F denotes the Fourier transform with respect to x. 
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We note that if only (6a) and (7) are retained, without any terms involving B, then we are left with a single MNLS equation at the same level of accuracy as that in Trulsen et al. [2000] . We also note that unlike Trulsen et al. [2000] , the above CMNLS equations have a Hamiltonian structure, they conserve the total momentum of the two wave systems, and they conserve the wave action of each wave system separately, see Gramstad and Trulsen [2011] .
We have solved (6) numerically in a doubly periodic spatial domain. All spatial derivatives have been computed by means of discrete Fourier transform. This gives an ODE for the time evolution of A and B, which we solve by using Matlab's internal solver ode45. Some testing has been performed to ensure proper convergence and accuracy of the numerical solutions.
In order to initialize A and B from the hindcast wave vector spectrum FðkÞ, we first identify the most energetic spectral peak to be dedicated to the complex amplitude A and assign the corresponding value of the wave vector k a , corresponding to T p and h p in Figures 9 and 11 . If there is another spectral peak greater than 2.5% of the former one, we dedicate it to the complex amplitude B and assign the corresponding value of the wave vector k b . Thus we initialize the CMNLS equations provided Fðk b Þ ! 0:025Fðk a Þ, otherwise we run a standard MNLS equation for one wave system A only. We remark that during the first 6 h of the day, we consider the spectrum to be unimodal according to this criterion, and our simulations are then carried out with a single MNLS equation.
A regular grid in (k x , k y ) oriented east and north is generated with Dk x 52jk a j=n x and Dk y 52jk a j=n y . Both k a and k b are redefined to the nearest points in the grid from the original spectral peaks k a and k b such that both are points in the grid.
We only consider spectral energy to the extent that is has limited bandwidth around one of the spectral peaks k a or k b . We have here defined ''limited'' bandwidth as being inside a square in the (k x , k y ) plane with less than unit bandwidth distance along both of the k x and k y axes.
If a given spectral component FðkÞ satisfies the bandwidth criterion for both spectral peaks simultaneously, the spectral component is assigned to A or B according to which one of k a or k b is closer to k.
We do not account for second-order reconstruction during initialization. All band-limited energy in the hindcast spectra are assigned to the first harmonic complex amplitudes provided the bandwidth constraints are satisfied.
We have used a grid of n x 5n y 5128 for the representation of A and B over a square domain of length 2p=D k x by 2p=Dk y , which corresponds to 64 3 64 wavelengths of the spectral peak. For the reconstruction of the surface elevation to second order including second-order bound waves according to an extended version of equation (5), see Gramstad and Trulsen [2011] for details, we have used a denser grid of 512 3 512 points within the same square domain for g. In summary, we end up with a representation of the sea surface within a domain of 64 3 64 wavelengths k a with 8 points per k a .
We remark that the initialization procedure is done independently for each hindcast spectrum (for each hour, position, etc.), thus the physical size of the computational domain will change as k a varies.
It is interesting to check if the dynamics of two coupled crossing wave systems is different from two uncoupled crossing wave systems. This can be checked with the CMNLS equations, by eliminating those terms in (6a) and (6a) that couple the two systems. We have simulated these equations both with and without the coupling terms and report the results below with the name MNLS2.
Details on HOSM
The implementation of the Higher-Order Spectral Method (HOSM) used in this paper is based on the following equations given in Krasitskii [1994] These equations follow directly from the Hamiltonian (the total energy of the wave-field) expressed in the variablesĝ andŵ; the Fourier-transforms of the surface elevation and velocity potential at the free surface, respectively. Here we have used a compact subscript notation for the functional dependence of the wavenumber vectors k 0 ; k 1 , k 2 , and k 3 [see Krasitskii, 1994, for details] . The kernel functions appearing in (8), can be found in Krasitskii [1994] .
The system (8) is easily solved numerically using standard methods for solving systems of ODEs (like ode45 in Matlab). One can show that the integrals appearing in (8) are of convolution type, and can therefore in the discrete case be relatively efficiently computed by using FFT. Some more information can be found in Pushkarev and Zakharov [1996] .
From knowledge of the wave vector spectrum FðkÞ obtained from the hindcast simulations, the initial conditions forĝ andŵ are found using linear theory [see e.g., Krasitskii, 1994] ,
where / n are uniformly distributed random phases corresponding to the discrete grid in k-space.
We have employed a domain for k x and k y of size ½24k m ; 4k m , where k m corresponds to T m defined in section 3, and with n x 5n y 5128. Then Dk x 58k m =128, and the size of the domain is 2pn x =ð8k m Þ, which corresponds to a computational domain of 16 3 16 wavelengths k m 52p=k m with 8 points per wavelength k m . The HOSM simulations are reconstructed to third order.
Results Derived From the Simulated Sea Surfaces
From the simulated wave elevation surfaces derived from the models described in the previous section, the maximum crest elevation g max is compared with the expected maximum g max for each given surface. Taking into account the work of Piterbarg [2012] to describe spatiotemporal extremes and their expected values in homogeneous random fields, the expected maximum value depends on the equivalent number of waves N found in the domain where the data are described. For our case of two horizontal dimensions, the domain is the area of the simulated quiescent sea surface, V5n x n y DxDy, where n x and n y are the number of model grid points in the x and y directions, and Dx, Dy their respective spatial resolutions. The equivalent number of waves is given by [Krogstad et al., 2004] 
where k wave and k crest are the mean wave and crest lengths, respectively, which are derived from the wave vector spectrum FðkÞ as explained in Krogstad et al. [2004] and Dysthe et al. [2005] . The product k wave k crest is the mean wave size in a two-dimensional domain for a given spectrum FðkÞ. Taking into account the Piterbarg theorem [Piterbarg, 2012] , the expected maximum value of the wave elevation g max depends on a factor h N which is a function of the dimension (two in this case) and the number of waves. For the twodimensional case, h N holds the following approximate expression [Krogstad et al., 2004] h N % ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2log ðNÞ12log ð2log NÞ p :
For a Gaussian sea surface with wave vector spectrum FðkÞ with 0th spectral moment m 0 , the expected maximum value g maxðGÞ is given by [Krogstad et al., 2004] g maxðGÞ 5 ffiffiffiffiffiffi
Equation (12) assumes a linear wave field. To model nonlinear waves, an option is the higher-order description proposed by Tayfun [1980] . The Tayfun theory assumes the existence of a first harmonic obeying the dispersion relation in a narrow-banded wave field. The Piterbarg theorem for the Tayfun approach implies that the expected maximum value g maxðTÞ depends on the wave steepness p as Journal of Geophysical Research: Oceans
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g maxðTÞ 5 g maxðGÞ 1
where c % 0:5772 is the Euler-Mascheroni constant. The expressions (12) and (13), as well as the resulting maximum g max of the wave elevation field have been estimated from all the simulated sea surfaces resulting from the four different models. Note that the models CMNLS, MNLS2, and HOSM include Tayfun contribution, while the model CMNLS (FH) does not include Tayfun contribution.
From each model output, the percentage of relative difference between the resulting maximum wave elevation g max and the expected values given by the Piterbarg theorem, g maxðGÞ and g maxðTÞ , are estimated For every hour of simulated sea state, the estimators of g max , g maxðGÞ and g maxðTÞ in equation (14) are the mean values derived from the 50 sea surface realizations and their respective temporal evolution of 11 time steps of 10 T m (550 samples in total).
From equation (14), we see that D G and D T are positive if the resulting maximum value g max is higher than the respective expected values given by the Piterbarg theorem g maxðGÞ and g maxðTÞ . On the other hand, D G and D T are negative when g max is lower than the respective expected values g maxðGÞ and g maxðTÞ . Figure 15 shows the temporal evolution of D G and D T for each model. For the case of CMNLS (FH), as this model does not account for higher-order contributions in the reconstruction of the surface, only D G is considered. These results correspond to the NW grid point which is the closest hindcast grid point to the location where the Prestige accident took place (see Figure 1 ). It can be seen that for all the numerical models that account for higher-order contributions in the reconstruction of the wave field (CMNLS, MNLS2, and HOSM), the maximum elevations of the simulated sea surfaces g max are located between the Gaussian expected maximum g maxðGÞ and the Tayfun expected maximum g maxðTÞ . It indicates that, for all the temporal evolutions of sea states, g maxðGÞ < g max < g maxðTÞ . On the other hand, in the case of CMNLS (FH), as this model does not account for higher-order contributions in the reconstruction of the wave field, D G % 0. Furthermore, considering the magnitudes |D G | and |D T |, it can be seen that along all the sea state temporal evolutions, g max is closer to g maxðGÞ rather that g maxðTÞ . Only for the output of CMNLS during the period where the sea surface is unimodal (i.e., the first hours on 13 November) do we get similar values for |D G | and |D T |. Hence, even for the models that take into account nonlinear contributions in the surface reconstruction, the predicted sea surface is closer to the behavior of a Gaussian sea rather than that described by the Tayfun-Piterbarg model. The Tayfun approach considers narrow-banded wave fields [Tayfun, 1980] , where the higher-order spectral components of the wave elevation contributes almost coherently in phase adding energy in a small spectral domain. That will not be the case for short-crested wave fields, and even less for bimodal sea states.
The temporal evolution of the skewness c and kurtosis j of the simulated sea surfaces is shown in Figure 16 . The values shown in the figure correspond to the averaged values for the 550 samples (50 realizations and their respective temporal evolution of 11 time steps of 10 T m ) of surfaces for each hour of the sea state evolution. As expected the results derived from CMNLS (FH) are close to Gaussian. The models with nonlinear reconstruction (CMNLS, MNLS2, and HOSM) give values of c and j slightly different from Gaussian. At the location and moment of the accident, these three models give expected values for c50:079860:0219 and j53:011960:0078.
Conclusions
We have discussed the crossing sea state and the probability for rogue waves at the time and location of the accident of the tanker Prestige on 13 November 2002. We have presented newly computed hindcast Journal of Geophysical Research: Oceans 10.1002/2015JC011161 spectra for every hour during that day at four nearby locations, showing the development of a bimodal sea state. The partition of the hindcast directional spectra in two individual wave systems indicates that, at the moment of the accident, the sea state was a combination of a swell and a wind sea of comparable significant wave heights and peak periods with a difference in peak propagation direction of about 908.
We have employed four different nonlinear models capable of computing the phase-resolved sea surface from the hindcast spectra, allowing us to estimate statistical parameters that characterize the conditions for rogue waves. At the location and moment of the accident, the models give expected values of the kurtosis j53:011960:0078. The models coincide that the maximum crest elevation was about 5-6% larger than the expected maximum crest elevation according to the Gaussian-Piterbarg theory, and about 9-10% smaller than the expected maximum crest elevation according to the Tayfun-Piterbarg theory, for the given sea state at the moment of the accident. We also conclude that nonlinear interaction between the two crossing wave systems practically did not modify neither the kurtosis nor the largest crest elevation.
